ABSTRACT: AlgaeSim, a dynamic multiple-systems (C, N, P) mass balance model, was developed to explore the potential for algae biomass production from wastewater by coupling two photobioreactors into the main treatment train at a municipal wastewater resource recovery facility (WRRF) in Tampa, Florida. The scoping model examined the synergy between algae cultivation and wastewater treatment through algal growth and substrate removal kinetics, as well as through macroeconomic analyses of biomass conversion to bioproducts. Sensitivity analyses showed that biomass production is strongly dependent on Monod variables and harvesting regime, with sensitivity changing with growth phase. Profitability was sensitive to processing costs and market prices of products. Under scenarios based on current market conditions and typical algae production, AlgaeSim shows that a WRRF can potentially generate significant profit if algae are processed for biodiesel, biogas, or fertilizer. Wastewater resource recovery facilities could similarly save on operating costs resulting from the reduction in aeration (for nitrification) and chemicals (for denitrification). Water Environ. Res., 86, 163 (2014).
Introduction
Conventional means of producing agricultural fertilizers, such as ammonia nitrogen and phosphorus, are unsustainable. Phosphorus mining is damaging to the environment and depletes a finite resource; some studies report that the global phosphorus reserve will run out in 50 to 100 years (Cordell et al., 2009) . Ammonia production via the Haber-Bosch process, although effective, has a tremendous energy footprint of 37 MJ to 45 MJ/kg N (Maurer et al., 2003) . Increasingly, wastewater is recognized as a renewable resource for water, energy, and nutrients (Guest et al., 2009) . Recovering N and P from wastewater, where they are plentiful, may not only help reduce global energy use, but help sustain modern agriculture as well (de-Bashan and Bashan, 2004) .
Unfortunately, except for nutrients assimilated into biosolids, conventional activated sludge processes generally emphasize removal over recovery. Nitrogen is lost as a gas, and phosphorous coprecipitates in the sludge with other impurities (Gonzalez et al., 2008; Maurer et al., 2003) . Although advanced biological nutrient removal (BNR) technologies (e.g., SHARON and anammox) can reduce the cost of chemical additives for wastewater resource recovery facility (WRRF; de-Bashan and Bashan, 2004) , the nutrient cycle remains open. As discharge regulations become more stringent, treatment processes become more energy and operationally intensive. Water and wastewater utilities in the United States use approximately 75 billion kWh of electricity per year, costing about $4 billion and adding millions of tons of greenhouse gases to the atmosphere (U.S. Environmental Protection Agency, 2008) .
Algae have been investigated for their potential use in wastewater treatment since the 1950s (Hoffman, 1998) , with a strong emphasis on suspended growth in shallow open ponds. Algae have demonstrated their potential for nutrient removal in domestic wastewaters (de-Bashan and Bashan, 2010; Gronlund et al., 2010; Powell et al., 2009; Yuan et al., 2012) , industrial wastewater (Bordel et al., 2009) , and agricultural wastewater (Gonzalez et al., 2008; Gonzalez et al., 1997; Kamilya et al., 2006; Olguin, 2003) . Researchers have focused on a wider spectrum of algae technology in wastewater treatment, such as immobilization in polymeric substances to enhance nutrient removal (deBashan and Bashan, 2010; de la Noue and Proulx, 1988; Travieso et al., 1996) , utilization of heterotrophic metabolism (Lee, 2004; Miao and Wu, 2004; Ogbonna and Tanaka, 1996; Ogbonna et al., 2000; Yang et al., 2000) , and potential uses of the algal biomass produced (Amin, 2009; Chisti, 2007; Mulbry et al., 2008; Tran et al., 2010) .
Many algal species produce high amounts of lipids per cell mass (Xiong et al., 2010) , making them excellent candidates for biofuel production. In fact, microalgae have the highest oil yield among all other plants grown for biofuel, including palm, coconut, castor, and sunflower oils (Amin, 2009 ). More importantly, algae have generally demonstrated their tolerance to using wastewater as a substrate, giving them great potential to produce energy and capture nutrients without squandering arable land and scarce freshwater resources consumed during other forms of biofuel production. Apart from providing ample nutrients, wastewater is a reliable source of freshwater. Growing on wastewater as a feedstock, freshwater and nutrients can be provided essentially at no cost, while requiring moderate space (Hoffman, 1998) . When the use of wastewater as a growth medium was considered in a life-cycle analysis (Clarens et al., 2011) , algae biofuel became more sustainable and competitive with other bioenergy feedstocks. Similarly, integrating algae biofuel production into wastewater treatment has been shown to increase the potential energy return on investment (Beal et al., 2012) . Finally, because autotrophic algae convert energydepleted carbon dioxide to energy-rich organic carbon through photosynthesis, the energy content associated with municipal wastewater can effectively be increased, helping municipal WRRFs become not only energy neutral but also energy surplus.
The footprint required for an algal biomass production facility may vary on the basis of production methods used. For example, Chisti (2007) notes that photobioreactors may produce up to 4 g/L, whereas raceway ponds may produce a more dilute algae broth, at 0.14 g/L. Areal productivity can be quite variable, ranging from 0.072 kg/m 2 Ád in a photobioreactor to 0.035 kg/ m 2 Ád in a raceway pond (Chisti, 2007) . However, Park and Craggs (2010) achieved areal productivity of 0.167 kg/m 2 Ád when growing algae in wastewater with supplemental carbon dioxide. The areal footprint could vary on the basis of temperature and sunlight availability, with decreasing returns as these variables strayed from optimal conditions of the cultured species.
In summary, algae have the potential to help reduce the carbon footprint of WRRFs as well as close the nutrient loops on several fronts: beneficial use of wastewater which is an underutilized water supply, sequestering carbon while utilizing an autotrophic metabolism, assimilating nutrients in growth and reproduction, harnessing solar energy for biofuel production, and reducing energy and chemical inputs to the treatment process. Figure 1 highlights the areas of potential synergy between algae growth and wastewater treatment. Background of Case Study Wastewater Treatment Plant. The Howard F. Curren Advanced Wastewater Treatment Plant (HFCAWTP), a three-stage BNR plant located in Tampa, Florida, was used as the basis for the model framework. The three stages are as follows: biochemical oxygen demand (BOD) removal using pure oxygen (suspended growth followed by clarifier), nitrification through diffused aeration (suspended growth followed by clarifier), and denitrification with methanol addition to anoxic filters (attached growth). The final step is disinfection through chlorination/dechlorination. The plant is not required to remove phosphorous and does not have a dedicated phosphorus removal process, as the background phosphorus in the receiving water (Tampa Bay) is higher than the typical effluent concentration. Figure 2 depicts the layout of the plant. The reason for the separate, sequential processing of BOD and nitrogen is that the plant was built and expanded in stages over decades in response to changing discharge requirements. When compared with newer methods that integrate BOD and nitrogen removal (e.g., Modified Ludzack-Ettinger process and A 2 O), HFCAWTP may seem inefficient. However, this inefficiency actually creates a unique opportunity for algae harvesting, which is elaborated on in the Methodology section.
The average wastewater flow through the plant is approximately 205,000 m removal of BOD 5 and TSS, and more than 92% removal of total nitrogen.
As shown in Figure 2 , the plant includes sedimentation basins and an anaerobic digester, with a digestion capacity of approximately 10 million gallons (37854 m 3 ) spread throughout seven tanks. However, the anaerobic digester, solids handling, and sidestream wastewater (belt press filtrate) were not included in this model analysis.
Methodology. Conceptual Approach. Although the potential synergy between algae cultivation and wastewater treatment is compelling, realizing that potential can be challenging. Wastewater and activated sludge, although high in nutrients, have high turbidity and solids that are unsuitable for direct feed to algal photobioreactors because of low light transmittance. Grazing of algae by bacteria is another concern, as are difficulties in separating algae from sludge for harvesting. The clarifier is an ideal location to provide a low-turbidity feed to algae. However, in most biological nutrient removal (BNR) processes such as Modified Ludzack-Ettinger or A 2 O, most of the nutrients are depleted by the time the wastewater arrives at the clarifier. At the Howard F. Curren Advanced Wastewater Treatment Plant (HFCAWTP), the sequential BNR approach with a clarifier after each suspended growth stage presents a unique opportunity to provide a high-clarity, low-solids, yet nutrient-laden feedstock to algae photobioreactors. Because the dominant forms of nitrogen in the post-BOD removal and post-nitrification streams are ammonia and nitrate, respectively, a unique opportunity is presented to cultivate ammonia-and nitrate-favoring algal species in separate photobioreactors.
The AlgaeSim model was built with the Systems Thinking Experimental Learning Laboratory with Animation (STELLA) software version 9. 1.3 (2009,) . The STELLA software was chosen because of the flexibility of the system components. Because STELLA does not have predefined processes and systems, a model could be constructed intuitively and graphically from relationships among system components, adapting it to the unique goal of investigating a mass balance relationship in a macroeconomic framework. The interaction between system variables, including carbon, nitrogen, phosphorous, biomass, and economic outputs could all be simultaneously investigated in one software package.
Although bioreactor configuration is an important factor in sunlight availability, this study used a scoping mass balance model that is not limited to any reactor type. It is assumed that the reactor used will provide optimal light to the algae to ensure that nutrients are the only limiting parameters in the stoichiometric investigation of wastewater constituents.
The model functions are based on conditions defined on the user interface of the model. Variable parameters include wastewater characteristics (e.g., flow rate, influent concentrations, and flow diverted to algae photobioreactors), kinetics variables (e.g., growth rate, substrate removal rates, yield coefficients, and half saturation constants), and economic variables (e.g., the cost of methanol or the market price of biodiesel).
The AlgaeSim model can be conceptually separated into two process trains, the wastewater treatment processes and the algae production processes, that are linked by water and nutrient flow within the system. Mass balances were maintained within each nutrient group (C, N, and P). Figure 3 shows the conceptual framework of the processes and movement of constituents included in the model. Three treatment basins were modeled, representing a BOD removal reactor, a nitrification reactor, and a denitrification reactor. Clarifiers were not explicitly depicted.
For the model, two interstage algae photobioreactors-a post-BOD removal stage reactor (PBR) and a post-nitrification stage reactor (PNR)-are coupled with the main wastewater treatment process train. Post-clarifier flow from each stage is intercepted and routed through the photobioreactors; the effluent is then returned to the main treatment train. The photobioreactors are modeled as completely stirred tank reactors. Biomass is removed (harvested) at scheduled intervals. The two interstage streams differ in dominant nitrogen species, and therefore, algae growth in the PBR and the PNR is dependent on ammonia and nitrate, respectively.
Heterotrophic growth is not considered in this model because it is assumed that the relatively low dissolved organic carbon concentration (at most 20 mg/L after the BOD-removal stage) is not made up of easily degraded organic material and therefore does not contribute significantly to algae growth. Although heterotrophic growth has been shown to produce a higher biomass yield per supplied energy (Yang et al., 2000) and higher biomass productivities (Liang et al., 2009 ) than autotrophic growth, the increase was in the presence of 5000 and 10 000 mg/L of easily degraded organic carbon. It is unlikely these concentrations would be available to algae grown in municipal wastewater, but future iterations of the model should include this possibility for plants configured differently than the case study.
An economic analysis was conducted on three options of converting harvested biomass into biodiesel, biogas, or fertilizer. Mechanistic Approach. Although the model is based on a case study of a BNR plant in Tampa, Florida, it can be adapted to represent other facilities by interacting with the user-friendly interface accompanying the model. For example, nutrient removal rates, algae specific growth rates, wastewater flows, and so on can all be chosen by the user.
Wastewater Framework. The movement of nitrogen, phosphorous, and carbon species were tracked within the model. Within each nutrient group, subgroups were defined as described in Table 1 . Nutrients were tracked to maintain a mass balance, following speciation changes within each subgroup, as described in the following text. Figure 4 shows the STELLA framework for the movement of nitrogen species through the wastewater treatment process.
Wastewater kinetics was determined on the basis of plant data from the HFCAWTP. Historical plant data was analyzed to determine average removal rates of carbon, nitrogen, and phosphorous within each basin. To maintain overall nutrient mass balance, the decline of one species is mirrored by the appearance of another. For example, during nitrification, the removal of ammonia from the system results in an increase of NO x . Because the plant does not have a designated phosphorous removal process, the only soluble phosphorous removal mechanism considered was assimilation.
Algae Framework. Because nutrients are diverted postclarifier following the BOD removal basin and the nitrification basin, it is assumed that only dissolved species of nutrients are available. Despite organic nitrogen's importance for consideration in wastewater resource recovery facility effluent, organic nitrogen was not considered bioavailable to algae in this model. Although some algae can grow directly on organic nitrogen, prior bacterial degradation to inorganic forms is considered the main mechanism to make organic nitrogen bioavailable to freshwater algae (Berman and Bronk, 2003; Urgun-Demirtas et al., 2008) , and some dissolved organic nitrogen yet remains biologically recalcitrant (Sedlak, 2013) . Furthermore, some species have slower growth rates when utilizing organic nitrogen sources compared with inorganic sources (DeBoer et al., 1978) . Therefore, it was assumed there would be ample inorganic nitrogen availability and that growth on these nitrogen sources would be faster and more dominant as opposed to growth on organic sources.
Verified through field samples, the major form of nitrogen after the BOD-removal and nitrification stages are ammonia and nitrate, respectively. This unique situation makes it possible for the PBR to select for ammonia-utilizing algal species, and for the PNR to select for nitrate-utilizing species.
The algae are considered physically isolated from the main treatment processes. For harvesting, a generic algae/water separation process (e.g., belt press), was assumed, and the filtrate returned to the main treatment process. Algae were removed from the system only through harvesting and added to the process only through growth.
Because the model assumes that influent wastewater is of domestic origin, toxicity within the water is assumed to be low (Henze et al., 2002) , and is therefore not included in the analysis of this model version. Should inhibition be of concern, it can be addressed by incorporating inhibition kinetics into subsequent model frameworks. Likewise, it is assumed that only nitrogen, phosphorous, and carbon will limit algae growth, and other constituents, such as macromolecules, are excluded from this analysis.
Although bioreactor configuration (which affects sunlight availability) and climate can indeed influence algal growth, these factors are not considered limiting parameters in the model. The purpose of the model is to investigate the stoichiometric flow of nutrients on the basis of wastewater characteristics; sunlight is an external variable not directly taken into account, as the model is investigating limitations of nutrients and not external environmental factors.
Although latitude can influence biomass productivity because geographical region influences sunlight availability (Chisti, 2008) , advances in photobioreactor design, indoor cultivation, and appropriate species selection makes algae biomass cultivation conducive to most climates. The case study in this model is located in a sub-tropical climate (latitude 27.948), but the model can be applicable to any region; the user controls for variability by selecting an appropriate specific growth rate on the model interface. It should also be noted that temperature may vary by climate, but the temperature of wastewater generally stays within 10 8C to 20 8C (Tchobanoglous et al., 2003) . Therefore, sunlight, rather than temperature, may be more influential for algae growth in wastewater at changing latitudes.
Because the model exclusively considers autotrophic growth, algae growth equations are written with carbon dioxide as a potential limiting nutrient. It is assumed that the dissolved organic carbon concentration is too low to significantly affect biomass production, and therefore, the mass of organic carbon is conserved as it moves through the model. Algae growth was determined by Monod kinetics on the basis of the limiting nutrient of phosphorous, carbon dioxide, or nitrogen. Although the nitrogen source in the PBR and PNR was considered to be ammonia and nitrate, respectively, l max for either nitrogen source can be set separately on the interface. The assumption that algae species will preferentially use one nitrogen source over another has been documented in the laboratory (Aslan and Kapdan, 2006; Olguin, 2003; Tam and Wong, 1996) . Figure 5 shows the conceptual iterative steps of the calculations described in the following text.
The calculation of specific growth rate was based on the Monod single substrate relationship, but it was modified to accommodate the use of multiple substrates (Rittman and McCarty, 2001) , as described by the noninteractive model presented by Drapcho et al. (2008) . The half saturation constant, K, is the available substrate needed for the organism to achieve half its maximum specific growth rate. The modified equation used was as follows:
where l t is the calculated specific net growth rate (day
À1
) at time t, l max is the maximum specific growth rate, and b is the specific algae decay rate (day
). The equation will use the lowest valued Monod fraction to calculate the l max based on the most limiting substrate (either N, P, or C). The half saturation constants and substrate concentrations are represented by K N , K C , and K P and S N , S C , and S P for nitrogen, carbon, and phosphorous, respectively. The specific growth rate is determined at each iteration. After algal growth from uptake, the remaining substrate in the algal photobioreactor is used as available substrate for the next iteration.
Algae Growth. It is assumed that algae are added to the photobioreactors only through growth and any carryover from the clarifiers is negligible. Algae growth is determined on the basis of the specific growth rate calculated via Monod kinetics as described in the preceding text. The equation used to determine new algae generated is
where R gen,t is the rate of algae generation at time t (kg/d), X t is the mass (kg) of algae present at time t, and l t is the calculated specific net growth rate (day À1 ) determined as described in eq 1. Ideally, the algae culture would be maintained in the exponential growth phase, when biomass production is accelerated. Therefore, optimum harvest time may vary depending on species cultivated, as growth rates may change with species or environmental condition. For thorough reviews of reported biomass concentrations by species, see Chen et al. (2011) or Brennan and Owende (2010) .
Algae accumulation is calculated on the basis of the amount of algae generated within the photobioreactor minus the amount of algae harvested per day. The amount of algae harvested with each pulse event and the time schedule for harvesting are set on the user interface. The net algae accumulation in the basin was calculated as
where R net,t is the net rate of algae accumulation at time t in mass per day (kg/d), R harv is the rate of algae removed through harvesting (kg/d), and k harv is the specific rate of algae harvested per day (kg algae harvested per kg of algae present per day). The mass (kg) of algae harvested, k harv , is the algae sent to processing in the byproduct section of the model. The amount of algae available for the next iteration, X tþ1 (kg) is determined by the following equation:
Determining Substrate Utilization Rate and Yield Coefficient. Monod kinetics relates the specific growth rate (l), substrate utilization rate (q), and yield coefficient (Y) by the following equation:
where q i,t is the substrate utilization rate, defined as substrate consumed per biomass produced per unit time; l t is the calculated specific growth rate with units of biomass produced per time per biomass present; and Y t is the yield coefficient, defined as the amount of biomass produced per substrate i consumed as determined from stoichiometry. A separate q i,t is calculated for each substrate (i.e., ammonia, nitrate, CO 2 , and P) at each iteration based on the real-time specific growth rate determined by available substrate. The calculation of yield coefficient Y i is based on the stoichiometric relationship between each elemental constituent i and subsequent algae growth. The following equations, derived from Rittman and McCarty (2001) , were used to determine the yield coefficient using ammonia (eq 6) and nitrate (eq 7) as a nitrogen source to generate algae with the empirical formula of C 100 O 48 H 183 N 11 P (Grobbelaar, 2004) . Because studies have shown that an empirical formula can change depending on an organism's growth rate (Agren, 2004; Arrigo, 2005) and environmental conditions (Zamalloa et al., 2010) , the stoichiometric ratios and yield coefficients can be changed on the model interface if need be. 
Determining Substrate Removal via Biomass Assimilation. Substrate i removed (where i is either CO 2 , PO 4 , NO 3 , or NH 3 ) is based on the q i,t and is subsequently related to the specific growth rate at a given point in time. Although carbon dioxide and phosphorous removal are calculated in both algae reactors, ammonia and nitrate removal are calculated only in the PBR and the PNR, respectively. The rate of substrate removal is defined as
where q t is the substrate utilization rate, in mass of substrate i per unit biomass per time, and X t is the mass of active biomass. To determine the substrate i available after assimilation, the substrate utilized is subtracted from the initial substrate mass:
where S i,tþ1 is the mass of substrate at the next time step (tþDt), and S i,t is the available substrate. Removal is calculated separately for each substrate involved in algae growth and subsequently subtracted from both the algae and main wastewater treatment train. Algae Production Costs and Benefits Calculations. Algae biomass produced is analyzed on a macroeconomic basis. Biomass production costs, harvesting costs, and reduced demand for aeration and chemical additives are calculated identically for all secondary use processes; however, the process costs as well as market prices for each option are calculated separately. Many variables, such as the market price of each product and the cost of methanol, can be entered on the model interface.
Benefits of Reduced Aeration. Cost savings from reduced aeration in the main treatment train is considered on two fronts. First, as algae assimilate ammonia in the PBR (11 mol NH 3 per mol algae, per eq 6), subsequent nitrification requirements for this particular fraction of ammonia is eliminated (SAV aeration, 1 
The cost savings calculated through reduced aeration (SAV aeration,1 ) is added to the cost savings resulting from oxygen produced from algal photosynthesis (SAV aeration,2 ) to determine overall reduced aeration savings (SAV aeration,tot 
Reduced Chemical Additives. Denitrification at the HFCAWTP occurs exclusively through the addition of methanol (MeOH) as an external carbon source to the denitrification filters. Of full-scale and pilot-study literature values of 3.4 kg (Maurer et al., 2003 ) and 3.5 kg (Siegrist, 1996) of methanol required per kg of nitrate denitrified, respectively, the former was chosen for the case study to be conservative. Because of algae assimilation of nitrate in the PBR or PNR, less MeOH is subsequently needed for denitrification. Similarly, reduced ammonia concentration resulting from algal assimilation in the PBR will save methanol addition subsequently, as each kg of NH 3 -N removed is equivalent to a reduction of 1 kg NO 3 -N needing to be denitrified. The equation to determine cost savings SAV chemicals is as follows:
Biomass Production and Harvesting Costs. Biomass production and harvesting costs ranged widely within the literature; therefore, both values could be easily changed within the model framework to account for efficiency of technology and other market constraints. The biomass production and harvesting costs were based on a full-scale case study of a microalgae biomass and metabolite facility producing 26.2 dry tons of biomass per year (Molina Grima et al., 2003) that found these costs to be $32/kg algae. It should be noted, however, that the economic assessment in that study did not account for the use of wastewater or wastewater infrastructure, which may reduce costs in an integrated production facility. Secondary Product Calculations. The model is built to conduct a macroeconomic analysis on processing the harvested algae biomass into biodiesel, biogas, or fertilizer. If biodiesel is the desired end product, the model is constructed to allow for additional cost-benefit analysis of using the leftover biomass for biogas or fertilizer. Each process was evaluated separately, on the basis of best available cost estimates from literature and market prices.
Biodiesel Calculations. The costs of biodiesel processing were based on $71/kg of algae processed from a commercial-scale microalgae and metabolite production facility analyzed by Molina Grima et al. (2003) . Processing costs were added to biomass production and harvesting costs. The costs of fertilizer or biogas production associated with further processing of leftover biomass were also included where appropriate. Because the amount of oil produced per unit biomass and the market price of biodiesel may change, the user can manipulate these variables on the interface of the model. Biogas Calculations. Biogas production costs were based around $0.13/kg algae biomass, which were the annual operating costs of a 400 ha commercial raceway pond producing 25 g of dry biomass per square meter per day (Zamalloa et al., 2010) .
Biogas yield was calculated by converting the amount of algae produced to a mass of chemical oxygen demand (COD), then subsequently converting the mass of COD to the volume of methane theoretically possible per mass of COD (Rittman and McCarty, 2001) . Algae biomass was converted to mass of COD by first calculating the oxygen needed to oxidize algae to carbon dioxide and then converting the oxygen equivalent to COD using the molecular weight of algae. This yielded a COD:weight ratio of 1.545 kg COD per kg of algae biomass (dry). Methane production was estimated as the grams of methane produced per gram of COD converted.
A stoichiometric relationship between digested algae and methane produced was determined by combining a generic cell synthesis equation with electron donor (algae) and acceptor (carbon dioxide) half reactions (as described in Rittman and McCarty, 2001 ) and adjusted for an assumed 2% phosphorous content of cells. The yield of the digesting organisms was assumed to be 0.14 gVSS/gCOD; that is, a 10% cell yield of digesting organisms and 90% conversion of COD to methane.
The combined equation is as follows: 
Using the molar relationships determined from eq 14 and correcting for an ambient temperature of 20 8C (293 K), the amount of biogas (as methane) was determined to be 523 L/kg algae, which is consistent within a generally accepted value of 0.5 L of biogas per g volatile solids (Zamalloa et al., 2011) . The market price of biogas was determined by assuming a value of 25 MJ per cubic meter of biogas (Zamalloa et al., 2003) and converting it with the commodity price of $4.08/MmBTU (Bloomberg, 2010) . This price can be adjusted to reflect current market prices.
Fertilizer Calculations. Fertilizer costs were based on an organic fertilizer processing plant in Nigeria, with a daily production capacity of 9000 kg (Fadare et al., 2010) . Because it was closest to the process design of HFCAWTP, the energy required for pelletized fertilizer (0.348 MJ) was used for this case study. Energy required was converted to costs using the market value of $0.11/kWh, yielding a cost of production of $0.011/kg of fertilizer. As not all of the biomass would be directly converted to fertilizer, a conversion factor that considered how much of the biomass would be converted to fertilizer was available on the interface.
Results and Discussion. Sensitivity Analysis. A series of sensitivity analysis runs were conducted, investigating both biological and economic parameters, to determine how and to what extent changes in certain variables affected biomass production and economic viability.
Biomass Production. Variables on the user interface were set as shown in Table 2 . The sensitivity analyses were conducted by singularly adjusting each variable in a low, base, and high case as shown in Table 3 while leaving other variables set to the base case. The relative effect each variable had on biomass production was then compared by squaring the range in productivity as a result of adjusting each variable and summing these values to determine total variance. Figure 6 shows the relative contribution of each variable to the total variance, that is, its sensitivity.
The sensitivity of variables changed not only between the post-BOD removal stage reactor (PBR) and the post-nitrification stage reactor (PNR) but depending on the growth period as well. As the algae culture became more mature, the harvest frequency and amount had a larger effect on biomass production than growth rate or Monod kinetics. However, half saturation constants (K) remained important throughout all growth stages, with K for carbon dioxide and the nitrogen sources becoming more sensitive with time, whereas the sensitivity of K for phosphorous declined with time. The relative sensitivity of the specific growth rate also declined with time, as the algae culture became established.
The sensitivity of harvest variables (i.e., frequency of harvest, amount harvested, and delay before initial harvest) were also investigated. Figure 7 shows the results of singularly varying these harvest variables while maintaining all other variables under the base-case scenario outlined in Tables 2 and 3 . As shown, when the initial harvest is delayed, the system reaches steady state sooner. If either the amount harvested or the frequency of harvest exceeds the growth rate of the algae culture, the system is eventually depleted.
Economic Variables. The sensitivity of economic variables was investigated in four stages: general costs (production and harvesting, cost of aeration, and cost of methanol); biodiesel costs (processing, market price, and percentage of biomass as oil); biogas costs (processing and market price); and fertilizer costs (processing costs, market price, and percentage of biomass as fertilizer). The range of variables tested is shown in Table 3 , and the relative sensitivity was determined as described previously. While assessing each group, variables in other groups Table 3 .
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were kept artificially low to reduce interference. Results to sensitivity analyses are shown in Figure 8 .
When no algae were being harvested, the cost of aeration accounted for the highest variance among profitability (.98%), but at each harvest event, the profitability was dominated by the cost of harvesting and production (.99%). Therefore, harvest and cultivation may be an important area to focus development efforts to keep economics competitive.
Biodiesel production was not profitable under the given sensitivity analysis until it was coupled with the base-case scenario for biogas or fertilizer production and production costs were set to the low case. Biodiesel and biogas production costs appeared to be the most sensitive variables in their respective categories, whereas fertilizer profitability appeared to be more influenced by market price. HFCAWTP Case Study. Numerous simulations were run using the Howard F. Curren Advanced Wastewater Treatment Plant (HFCAWTP) in Tampa, Florida as a case study. All parameters were set to values shown in Table 2 and the base-case scenario shown in Table 3 . The specific growth rates of 0.05, 0.1, 0.5, and 1.0/day were used to investigate nutrient availability under typical plant conditions. Results are shown in Figure 9 .
Based on typical plant influent characteristics, the model demonstrated that adequate nutrients, including carbon dioxide and phosphorous, would be available to support algae growth, as long as specific growth rate was adequately high (greater than approximately 0.4/d under the scenarios described here) to keep up with the harvest regime. However, the limiting nutrient shifted depending on the growth phase. Phosphorous was the limiting nutrient during the lag and beginning of the exponential phase; however, carbon dioxide became limiting roughly midway through the exponential growth phase.
An economic assessment of integrating algae cultivation at the HFCAWTP was then conducted. Specific growth rates published for Chlorella sp. for growth on ammonia of 0.214/d (Tam and Wong, 1996) and nitrate of 0.238/d (Ong et al., 2010) were used in all simulations. Although algae death rates have been reported to range between 0.01/d to 0.5/d, depending on environmental conditions (Ambrose et al., 2006) , a decay rate of 0.02/d was chosen for these simulations. Although either or both algae reactors can be used in simulations, this assessment considered algae reactors installed at both locations (PBR and PNR).
A retention mechanism, such as a membrane, microstrainer, or vibrating screen filter (Chen et al., 2011) , is assumed to retain algae in the reactors, essentially decoupling the algae solids retention rate (SRT) from the hydraulic retention time (HRT). An example of such is the membrane photobioreactor in Prieto (2011) , which operated with an HRT of 1 day and an SRT of 15 days. Therefore, lower HRT can be used to maintain reactor volume to a manageable size while allowing algae biomass ample time for growth.
The energy-scarce scenario is meant to represent a time when resources may be scarce and energy prices are high, reflected in the high market price of products, aeration, and methanol. The energy-abundant scenario represents a time when resources may be abundant and energy is relatively cheap, potentially making algae production less economically attractive. The average case represents a market atmosphere in between these two extremes. Table 4 presents the parameters selected for each case. Table 5 summarizes the potential cost savings and estimated profits predicted under the cases outlined above. As shown, it is estimated that under energy-scarce conditions, HFCAWTP could potentially achieve US $1 M profit processing algae to biodiesel or biogas, which is about the same cost savings realized currently by producing electricity on site with the anaerobic digester. In an environment where energy is scarce, and therefore more expensive, cost savings resulting from reduced aeration and chemical demand increase. A similar trend is seen with biomass processed to fertilizer. HFCAWTP has the ability to pelletize sludge to be used as fertilizer, but the process is not always economical, as similarly reflected in the model output. It should be noted that manipulation of many variables influences this assessment; therefore, a market and site-specific evaluation is necessary for accurate predictions of monetary gains, losses, or projections. However, it does appear that under many varying conditions, all three biomass options can be profitable for a treatment plant such as HFCAWTP.
It is known that fats, oil, and grease (FOG) can increase biogas methane yield because lipids have a higher COD/wt value than activated sludge. However, transporting FOG to a wastewater resource recovery facility has associated transportation and logistics costs. Algae can serve as a ''locally produced'' source of FOG for co-digestion of primary and secondary waste activated sludge.
Conclusion
The AlgaeSim integrated algae-wastewater treatment model has demonstrated that on a mass balance scale it is feasible to incorporate an algae reactor at a wastewater resource recovery facility. Adequate nutrients and carbon dioxide are generally available for growth, although carbon dioxide and phosphorous can become limiting under certain conditions. The model has also identified potential important areas of sensitivity within the algae and wastewater synergy before accurate predictions of biomass production can be obtained. Included among the most sensitive biological parameters are half saturation constants, specific growth rate, and the frequency and amount of biomass harvested. Assimilation of nutrients is dependent on the yield coefficient, which can also vary depending on the algal species cultivated and environmental growth conditions. Therefore, it is important to measure and confirm C:N:P ratios when predicting substrate removal on the basis of stoichiometry.
The model is also a tool for assessing the applicability of algae production at different treatment plants with specific waste streams. The model was built with a high degree of flexibility to be adaptable to a wide range of sites and conditions, and to adapt to changing market conditions. Economic parameters, when manipulated concurrently, can greatly affect model output. As wastewater characteristics, climate, equipment efficiencies, and market prices can fluctuate geographically, bench or pilot scale studies would be important for verifying and/or obtaining accurate values for these sensitive variables.
Although the model has some limitations, it is an important first step in understanding the potential partnership between wastewater treatment and algae production as a means to close the nutrient and energy cycles. Wastewater is a potential source of nutrients, freshwater, and energy; their biology makes algae great candidates for efficiently converting these wastes into resources. The mass balance approach has demonstrated the viability of the process, identified weaknesses for further research, and created a framework to evaluate future case studies. As research and technology become more efficient, and algal growth kinetics under varying environmental conditions are better understood, the model can be adapted and calibrated to reflect these changes. 
